Summary. This study examined anterograde and retrograde accumulation of axonally transported 6-phosphofructokinase activity, proximal and distal to sciatic nerve constrictions, in rats with streptozotocin-induced diabetes of 4 weeks' duration. There were deficits in accumulation on both sides of the constriction in untreated diabetic rats (proximal accumulation 66% of controls, p < 0.05; distal accumulation 32% of controls, p < 0.01). There was also a reduction in the phosphofructokinase activity per unit length unconstricted sciatic nerve in the untreated diabetic rats (87% of controls, p < 0.05). Treatment of an age-matched group of diabetic rats with twice-daily insulin prevented all the above changes. There were significant increases, over untreated diabetic rats, in phosphofructokinase activity accumulated at constrictions (p < 0.01 for both proximal and distal) and in unconstricted nerve (p < 0.05). Indeed the activities measured in insulintreated diabetic rats were virtually identical to those of controls. Treatment of a third group of diabetic rats with the aldose reductase inhibitor 'Statil' prevented or attenuated accumulations of polyol pathway metabolites and prevented depletion of myo-inositol in the sciatic nerve. In spite of these indications of effective aldose reductase inhibition, the drug was without effect on the deficits in accumulation of activity at ligatures or unconstricted nerve levels of phosphofructokinase activity. We conclude that short-term experimental diabetes in rats induced defects in both anterograde and retrograde axonal transport of 6-phosphofructokinase activity. These defects were prevented by intensive insulin treatment but were resistant to an effective aldose reductase inhibitor, indicating a lack of involvement of polyol pathway flux in their pathogenesis.
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Anterograde axonal transport of macromolecules and organelles synthesized in the perinuclear region of the cell body is required to maintain the structural and functional integrity of the neurone. Retrograde axonal transport of the overflow of these materials may serve as a feedback mechanism regulating perikaryl protein synthesis [1] . The vulnerability of the neurone to disorders of axonal transport is shown by the failure of synaptic transmission and degeneration of nerve terminals occurring after the experimental impairment of transport processes [2, 3] . Defective axonal transport might therefore contribute to the peripheral axonopathy characteristic of symmetrical polyneuropathies in patients with chronic diabetes mellitus.
The majority of the studies on axonal transport in experimental diabetes have been reviewed elsewhere [4] . Slow anterograde transport of axoplasmic proteins has shown the most reproducible defects. Of particular interest are deficits in velocity and amount of radiolabelled proteins travelling at 1-2 mm/day [5] [6] [7] and reduced amount of the enzyme choline acetyltransferase [8, 9] . Both of these defects are prevented in rats with short-term diabetes by 'tight' control of blood glucose with insulin [5] [6] [7] [8] [9] [10] . In contrast, the former defect is resistant to inhibition of aldose reductase or myo-inositol treatment [6, 7] , whilst the latter can be prevented or reversed by either sorbinil or 'Statil' [8, 9] , as well as by treatment with myo-inositol [8] .
We have recently demonstrated anterograde and retrograde axonal transport of 6-phosphofructokinase (EC 2.7.1.11) activity by measuring its accumulation both proximal and distal to a constricting ligature applied to the mid-femoral region of the sciatic nerve in the rat. The accumulations on both sides of the ligature were linear for up to 24 h [11] . In order to extend observations of axonal transport in diabetes to novel components of axoplasm, particularly to those elements not directly related to neurotransmitters and their metabolism, we studied the accumulation of phosphofructokinase proximal and distal to sciatic nerve ligations in rats with short-term streptozotocindiabetes. The effects of insulin and aldose reductase inhibitor treatment were examined. Study of this enzyme may have broader implications due to its key role in the regulation of glycolysis [12] and the resistance to ischaemic conduction block in diabetic man [13, 14] and animals [15, 16] , which may be due, at least in part, to an increased ATP production by anaerobic glycolysis [16] .
were not injected on the morning of operation, but were given 1 U/ 100 g Monotard insulin in the evening provided blood glucose values were > 9 mmol/1. Animals were killed 24 h later by a blow to the head and bled from the throat. A blood sample was taken at the time of death, centrifuged (9000 g, I rain) and the plasma glucose determined by a hydrogen peroxidase-sensitive static phase glucose oxidase-operated glucose analyser (Model 23AM; Yellow Springs Instrnment Co., Yellow Springs, Ohio, USA). Both sciatic nerves were removed and frozen under moderate tension on a brass block cooled in liquid nitrogen. Nerves were cut into 3 mm segments; 2 proximal and I distal to the ligation. The equivalent region of the contralateral (unligated) nerve was treated similarly and cut to give three 3 mm segments to permit determination of background activity. Segments were stored at -80 ~ (< 1 week) until assay of phosphofrnctokinase activity.
Materials and methods

Experimental organisation and treatment regimes
Male Wistar rats (age 15-16 weeks; weight range 290-320 g) were assigned at random to four groups and fasted overnight. The following moming three groups were made diabetic by a single intra-peritoneal injection of 50 mg/kg streptozotocin (ICI Pharmaceuticals Division, Alderley Park, Macclesfield, UK) dissolved immediately prior to injection in sterile saline (154 retool/1 NaC1). The remaining group of rats served as controls and were injected with saline only. Three days later blood samples were collected by tail prick from the streptozotocin-injected rats and blood glucose concentration determined by the use of a glucose oxidase strip-operated reflectance meter ('Reflomat'; Boehringer Corporation, London, UK). Animals with blood glucose concentrations of less than 15 mmol/1 were rejected from the study. Immediately following streptozotocin treatment the rats of one group were placed on a diet (41B (Modified); Heygate & Sons, Northampton, UK) containing the aldose reductase inhibitor 'Statil' (ICI 128436; 3-(4-bromo-2-fluorobenzyl)-4-oxo-3H-phthalazin-l-ylacetic acid) at 400 mg/kg diet. Of the two remaining diabetic groups, one was untreated while the other received insulin to control the diabetes. Three days following streptozotocin injection each rat designated for insulin treatment was given a starting dose of 2.5 U/100 g Semitard insulin MC (Novo Industri A/S, Copenhagen, Denmark) by subcutaneous injection on the morning of blood glucose measurement and 2.5 units/100 g Monotard insulin MC (Novo Industri A/S) on the evening of that day. Thereafter blood glucose was measured each morning; animals with blood glucose values of > 9 mmol/1 were given a morning dose of 2 units/100 g Semitard insulin and an evening dose of 2 units/100 g Monotard insulin. Animals with a morning blood glucose value of < 9 mmol were not injected with Semitard insulin that morning but were given an evening dose of 2 units/100 g Monotard insulin provided that their blood glucose level had risen to > 9 mmol/1.
After 4 days insulin treatment, the daytime response was examined in detail by taking blood for glucose estimation (reflectance meter) at hourly intervals from 09.30 to 16.30 hours. The mean blood glucose for the whole group over this period was 6.6 • 1.2 mmol/1. Four days later, when the rats' tails had healed, the nocturnal blood glucose was examined in detail by taking two-hourly measurements from 17.00 to 10.00 hours the next day. The mean group value was 10.2+1.8 mmol/1. On this basis the treatment was adjudged to be satisfactory.
From Monday evening to Friday morning of weeks 2, 3 and 4 the daily consumption of food and water was measured for each box of rats. Values were estimated per rat; no statistical analysis was possible.
Axonal transport studies
Four weeks following streptozotocin injection, under brief recovery halothane anaesthesia, a single ligation was tied tightly around the mid-femoral portion of the left sciatic nerve. Insulin-treated animals
Assay of phosphofructokinase activity
Nerve segments were homogenized in glass-in-glass hand homogenizers in 0.2 ml of ice-cold extraction buffer consisting of 50 mmol/1 Tris, 1 mmol/1 EDTA, 5 mmol/1 MgC12 and 1% Triton x-100 at pH 8.2. Phosphofructokinase activity was determined immediately, in the supernatant of centrifuged (9000 g, I min) homogenates, spectrophotometrically at 25 ~ on a Gilford recording spectrophotometer (Model 240) by monitoring the oxidation of NADH2 at 340 nm using the method of Opie and Newsholme [17] . Reaction cuvettes contained in a volume of I ml at pH 8.2:50 mmol/1 Tris, 6 mmol/l MgC12, 200 mmol/1 KCI, 1 mmol/1 mercaptoethanol, 2 mmol/1 AMP, I mmol/1 ATP, 0.16 mmol/1 NADH2, 0.09 mmol/1 antimycin A, 3 mmol/1 fructose-6-phosphate, 45.5 ~tg glycerol-3-phosphate dehydrogenase, 4.5 ~tg triosephosphate isomerase and 50 ~tg aldolase. Reactions were started by the addition of substrate (fructose 6-phosphate) and followed in duplicate for 10 min. Cuvettes containing no substrate were run as blanks for each nerve segment and generally did not show any detectable oxidation of NADH> Enzyme activity was calculated as nmol of substrate utilized per min per 3 mm segment of nerve. All chemicals for this assay were obtained from Boehringer Mannheim Biochemica, Lewes, East Sussex, UIC
Calculation of phosphofructokinase accumulation
Background phosphofructokinase activity was calculated as the mean activity in the three segments from the unconstricted nerve. Our previous study [11] showed that proximal accumulation at 24-h sciatic nerve ligatures is confined to the 6 mm nerve immediately adjacent to the site of crush. Distal accumulation is restricted to the 3 mm nerve on the other side of the ligature. Accordingly, net anterograde accumulation was calculated as the activity in the two segments proximal to the ligature minus twice the background activity and net retrograde accumulation as the activity in the segment distal to the ligation minus the background activity.
Determination of nerve sugars and polyols
The remaining portion of the unconstricted contralateral nerve was used for determination of nerve sugar and polyol levels by gas liquid chromatography of their extracted trimethylsilyl derivatives using amethyl mannoside as an internal standard [9] .
Statistical analysis
For each variable (except food and water intake) data were subjected to a one-way analysis of variance (ANOVA) using the Statistical Package for Social Scientists (SPSS-X Incorporated, Chicago, Ill, USA) run on an ICL 2900 computer. Where the F ratio gave p < 0.05, comparisons between individual group means were made by Duncan's multiple range test [18] at significance levels of 0.05 and 0.01. Data are presented as mean___SD except where stated other- Table 1 . Axonal transport data and background (unconstricted nerve) levels of 6-phosphofructokinase (PFK) activity and nerve sugar and polyol levels for controls and for groups of streptozotocin-diabetic (duration 4 weeks) rats. Diabetic rats were untreated, treated daily with the aldose reductase inhibitor 'Statil' (ICI 128436) or treated twice daily with insulin Data are mean + SD; numbers of rats in brackets. For explanation of superscript codes for significance of differences see Materials and Methods. Proximal accumulation of PFK activity was calculated by subtraction of the activity in 6 mm unconstricted nerve from that in 6 mm nerve proximal to the ligature. Distal accumulation was calculated by subtraction of the activity in 3 mm unconstricted nerve from that in 3 mm nerve distal to the ligature wise. Numbers of rats per group are given in Table 1 . The use of Duncan's range test enabled multiple comparisons including any group mean. The resulting permutations for establishment of significance of difference are encoded as letter superscripts in Table 1 . The codes are explained at the foot of each column. For example, in Table 1 , column 4 (nerve glucose), the coding at the foot of the column indicates that the mean superscripted 'd' (controls) differed significantly from all others ('a', 'b' and 'c') at the level p < 0.01. The mean superscripted 'c' (insulin-treated diabetic) differed from the sub-sets superscripted 'a' and 'b' (untreated and 'Statil'-treated diabetic) at the level p < 0.01. Finally the group superscripted 'a' ('Statil'-treated diabetic) differed from the group superscripted 'b' (untreated diabetic) at the level p < 0.05.
Results
Food, water, body weight and blood glucose
The mean daily food and water intake (measured per box, but transposed to single rat dimensions) over the last 3 weeks of the protocol were 26 g and 37 ml for controls, 31 g and 85 ml for insulin-treated diabetic, 38 g and 164 ml for untreated diabetic and 37 g and 157 ml for 'Statil'-treated diabetic rats. Thus, diabetes induced marked polydipsia and hyperphagia which was attenuated by insulin, but unaffected by 'Statil'.
Body weight changes are shown in Figure 1 . The untreated and 'Statil'-treated diabetic rats lost weight progressively, with final values of 237+_23 g and 223 +24 g respectively. These did not differ significantly. The group which received insulin showed an initial weight loss (before treatment began) but then gained weight steadily (Fig. 1) , although their terminal mean value (304+-22) was significantly (iv < 0.01) less than that of the control group (338_ 10).
The untreated and 'Statil'-treated diabetic rats were markedly hyperglycaemic at death (plasma glucose The control group had a final plasma glucose value of 6.6 + 0.7 mmol/1. Since the insulin doses given to the other group were halved over the final 24 h (see Materials and methods), their final value of 22.4+_ 10.9 mmol/1 plasma glucose does not reflect accurately the efficacy of treatment.
Nerve phosphofructokinase activity
These data are presented in Table 1 . The activity of phosphofructokinase in segments of the unconstricted fight sciatic nerve, used for determination of background activity, was significantly reduced in untreated diabetic rats (p < 0.05). This reduction was unaffected by 'Statil' treatment, but was totally prevented by the insulin treatment regime. Similarly, the accumulations of phosphofructokinase activity, both proximal and distal to the ligation, were significantly reduced in diabetic animals whether untreated or treated with 'Statil' (p < 0.05). Insulin treatment of diabetic animals prevented both defects.
Nerve sugar and polyol contents
The untreated diabetic rats had markedly elevated nerve glucose levels (Table 1) ; these were significantly attenuated in the insulin-treated group (p <0.01), but were not reduced to the levels of control rats. The nerve glucose levels were significantly elevated in the 'Statil'-treated diabetic rats (p < 0.01). In the untreated diabetic rats exaggerated polyol pathway flux was indicated by the markedly elevated nerve levels of sorbitol and fructose. These were substantially reduced by 'Statil' treatment and were also attenuated in the insulintreated group, although in neither case were control dimensions achieved. Untreated diabetes was associated with a depletion of nerve myo-inositol. This was prevented by either 'Statil' or insulin treatment.
Discussion
This study has revealed marked deficits in accumulation of axonally transported phosphofructokinase activity, proximal and distal to 24-h sciatic nerve constrictions in rats with streptozotocin-diabetes of 4 weeks' duration. It must be stressed that these experiments have revealed differences between control and diabetic rats in accumulation of enzyme activity. The activity was measured in an assay designed to generate optimal in vitro conditions. Hence it is not possible to make unequivocal extrapolations to the possible phosphofrnctokinase activity in vivo. For the same reason it is not possible to draw conclusions about transport or accumulation of enzyme protein per se. It is possible, on theoretical grounds at least, that a similar difference could derive from discrepancies in the level of activation of the enzyme against a background of unaltered transport of the protein itself.
The deficit in accumulation of activity may also have arisen from either reduced amount of enzyme in transit, from a reduced velocity of transport or from a combination of the two. A reduction in the amount of activity in transit would be associated, in steady state, with reduced activity per unit length nerve in the unconstricted sciatic trunk. This was indeed observed (see Table 1 ). The phosphofructokinase activity measured in unconstricted nerve must be an amalgam of that present in Schwann cells and that present in axons, together with a small contribution from other cell types. It is therefore not possible to extrapolate from the measured reduction in activity in the unconstricted nerves of the diabetic rats in an attempt to calculate the G. B. Willars et al.: PFK axonal transport in diabetic rats contribution of diminished amount of enzyme activity to the accumulation deficit. Until a method to differentiate Schwann cell from axonal activity presents itself, this will not be possible. We are left wkh the likelihood that a reduced amount of phosphofructokinase activity is transported in the nerves of the diabetic rats; we can make no assertions about the velocity of movement.
The reduced accumulation may be a reflection of diminished cell body output. There are indications from other work [19] that perikaryal protein synthesis may be reduced in streptozotocin-diabetic rats. It is also interesting to speculate on the relationship between the anterograde and retrograde accumulation deficits. It is possible to suggest primacy for either. It is generally agreed that retrograde transport of normal components of axoplasm (as distinct from extracellularly-derived trophic factors) represents a return to the cell body of surplus materials [20] . One might therefore suggest that diabetes could reduce a cell body output of phosphofrnctokinase -by mechanisms suggested elsewhere [19] _ resulting in reduced anterograde transport, reduced delivery to the terminals, reduced excess and reduced return of retrogradely transported material. An alternative explanation is offered by studies on neurotoxic agents which cause peripheral axonopathies. The agents p-bromopheylacetylurea [21, 22] , zinc pyridinethione [23] , 2,5-hexanedione [24, 25] and acrylamide [24, [26] [27] [28] impair retrograde transport prior to an effect on anterograde transport. Experimental diabetes also causes an early defect of retrograde transport of glycoproteins [29] . It is therefore possible that the retrograde transport defect develops first and, as a consequence, the cell body alters the pattern of anterogradely transported components of axoplasm. Clearly the time-course of development of the defects in phosphofructokinase activity transport merit detailed study.
Both accumulation deficits were prevented completely by insulin treatment. This does not prove that hyperglycaemia was causative, but it does argue against involvement of putative neurotoxic effects of streptozotocin in the development of the defects.
Treatment of a group of diabetic rats with 'Statil' produced the amelioration of the consequences of polyol pathway flux we have come to expect from effective inhibition of aldose reductase in diabetic rats [6] [7] [8] [9] 30] . Thus, the failure of drug treatment to influence the phosphofructokinase activity accumulation deficits may be reconciled with firm indications of pharmacological efficacy against sciatic nerve aldose reductase. We therefore conclude that neither increased levels of sorbitol and fructose nor depletion of nerve free myo-inositol are involved in the development of the phosphofructokinase activity axonal transport defects. This is supported by our demonstration of a similar lack of effect of a different aldose reductase inhibitor [11] .
The present findings provide a fascinating contrast to previous studies in which defects of axonal trans-port of choline acetyltransferase were found to be prevented by treatment with three different aldose reductase inhibitors [8, 9, 30] . Both choline acetyltransferase and phosphofructokinase activities move in the anterograde direction by slow transport, and one would have expected them to behave in a similar fashion in experimental diabetes. Both enzyme activities show defects of a similar magnitude but of apparently different aetiologies. It is clear from this and some previous studies [6, 7] that not all defects of neuronal dynamics in experimental diabetes are prevented by aldose reductase in experimental diabetes.
In the Introduction we mentioned the broader implications of studying an enzyme activity which is involved, at least in certain tissues, in the regulation of glycolysis [12] . One might have anticipated an increase in activity of phosphofructokinase activity in peripheral nerves of rats with experimental diabetes, because such animals show increased resistance to ischaemic conduction block perhaps in association with increased anaerobic ATP production [16] . However, as stated earlier in this Discussion, our finding of reduced phosphofructokinase activity -measured under optimal in vitro conditions -does not preclude increased nerve glycolysis in vivo.
